Identification of distributed precipitation-runoff models for hourly runoff simulation based on transfer of full parameters (FP) and partial parameters (PP) are lacking for boreal mid-Norway. We evaluated storage-discharge relationships based model (Kirchmod), the Basic-Grid-Model (BGM) and a simplified Hydrologiska Byråns Vattenbalansavdelning (HBV) model for multi-basins (26 catchments). A regional calibration objective function, which uses all streamflow records in the region, was used to optimize local calibration parameters for each catchment and regional parameters yielding maximum regional weighted average (MRWA) performance measures (PM).
INTRODUCTION
Continuous streamflow simulation by precipitation-runoff (P-R) models for prediction purposes are widely employed, for instance to predict streamflow to reservoirs, floods and droughts, and to assess effects of the alteration of natural flow regime due to anthropogenic impacts. Moreover, utilization of hydropower reservoirs to satisfy peak energy demands (hydropeaking operation) requires streamflow forecasting at high temporal resolution. The European Water Framework Directive requirements for ecological protection further substantiate the need for better hydrological predictions for ecological impact management in regulated rivers. In addition, prevalence of flood events associated with the issues of land use and climate change require forecasting at high temporal resolution.
The current technology allows for measurements of environmental variables such as rainfall and streamflow with fine temporal resolution and a vast amount of subdaily data from different sources may be available (see Jones ) . However, the majority of previous studies on identification of the P-R models for continuous simulation and prediction purposes in the literature are based on a daily time scale, which leaves the potential high information content of available hourly data unexplored. Previous studies (e.g., Kavetski et al. ; Bastola & Murphy ) illustrated the dependence of optimal model parameters on the temporal resolution of data and substantial drawbacks of parameter transfer from daily calibration to prediction on an hourly time scale. Therefore, there is an interest in hourly calibration and prediction for operational use, which requires comprehensive study relevant to the research gaps on identification of suitable P-R models for the hourly prediction.
Wagener & McIntyre () conducted a study on the identification of lumped conceptual rainfall-runoff models for operational applications based on daily streamflow on three catchments in the UK using the 'split-sample' and 'proxy basin' operational testing schemes of Klemeś seven semi-distributed rainfall-runoff model structures using hourly data from four gauging stations in the UK. However, these studies focused on coarse temporal resolutions and/or on a single catchment (with only one or more gauges) or a small number of catchments in a region rather than on fine temporal resolution (e.g., hourly) and multi-basin regional scale modelling based identification of the P-R algorithms.
There are also studies based on both multi-model and multi-basin simulations for both daily and hourly resolutions. Lee et al. () conducted a study on the selection of 12 daily conceptual model structures for regionalization for prediction in ungauged basins (PUB) of the rainfallrunoff relationships for 28 UK catchments. Oudin et al. (, ) used two lumped models and daily streamflow records from a large number of catchments in France respectively for comparison of regionalization approaches for the PUB and for studying the relationships between physical similarity and hydrological similarity of catchments. Viviroli et al. (a, b) conducted calibration for 140 mesoscale catchments for hourly flood prediction in ungauged Swiss catchments. However, the majority of the previous studies on multi-model calibration based on multi-basin data mainly focused on regionalization for the PUB rather than on the identification or performance evaluation of the models among alternative hydrological mechanisms as suggested by Jones () . An exception is the work by Perrin et al. () , who conducted a multimodel comparative performance assessment of 19 parsimonious to more complex daily lumped models on 429 catchments mostly located in France.
A thorough study of the identification of P-R models in simulation mode has the potential for improving forecast accuracy. Better performance of the precipitation-runoff models in simulation mode is crucial for forecast modes (see Refsgaard ; Bell & Moore ; Engeland & Steinsland ). In addition, the specific tools used in forecasting for data assimilation and correction affect the performance of a forecast (see Nicolle et al. ) . Therefore, the review indicates that the previous work on hourly identification of P-R models based on multi-basin or regional calibration approach is lacking for boreal snow-dominated catchments.
The use of regional scale data and hence data augmentation through the regional calibration is expected to allow more comprehensive performance evaluation than the at-site records-based local calibration and 'proxy basin'-based model validation.
Identification of the P-R models are dependent on objective functions used for model calibration and performance measures used for model evaluation. For instance, fitting of the P-R models to reproduce the whole hydrograph for scientific research or to a specific flow regime for operational purposes would result in different optimal parameter vectors.
For operational applications, it is common practice to use the P-R models as 'fit-for-purpose' decision support tools.
The commonly used adjustments to make the operational models more right for a 'fit-for-purpose' performance are the error or bias correction parameters for precipitation measurements (e.g., Sevruk ; Yang et al. ; Herrnegger et al. ), but Moine et al. () suggested that this practice should be avoided. In addition, an altitudinal gradient parameter for precipitation are considered in some applications but Hingray et al. () noted that omitting an altitudinal gradient is a good option to simulate flood events, especially in cases of large precipitation events. Such adjustments for operational settings have the potential to force the models to be 'right for the wrong reasons' (Kirchner ).
Therefore, comprehensive identification of the P-R models is required for reliable continuous simulation of streamflow (e.g., Wagener ). Hailegeorgis et al. (b) focused on multi-model-based identification of four different types of regionalization methods including the regional calibration method defined by parameter sets yielding maximum regional weighted average (MRWA) performance measures (PM) based on transfer of full set of local calibrated parameters (FP). The authors applied the three P-R models on 26 catchments in mid-Norway, which are also used in the present study. Due to similar performance of the regionalization methods based on the MRWA and transferring of regional median parameters (RMedP), the authors suggested that it is worth testing the performance of fixing some of the parameters to regional median values, for instance, the snow and runoff routing routines parameters that are common to the three models, and then perform calibration and transfer of partial parameters (PP). Fixing some of the parameters is advantageous since it allows a more parsimonious parameterization while it may have potential disadvantages of reducing the performance of the models.
However, studies related to the issues of transferring the full parameter set or partial parameters are necessary to further improve the results of regionalization tasks.
The main objective of the present study is the identification of the three P-R models for hourly runoff simulation based on calibration and transfer of partial parameters (PP) for the 26 catchments in mid-Norway compared to a study for the same region using the full parameter calibration and transfer (FP) case of Hailegeorgis et al. (b) .
THE STUDY REGION AND DATA
The study region is boreal mid-Norway, which consists of 26 unregulated gauged catchments ranging from 39 to 3,090 km 2 in size ( 
MODELS AND METHODS
We evaluated three different distributed (1 × 1 km 2 grid) precipitation-runoff models, namely the 'top-down' water balance model based on Kirchner () For the PP case, parameters that are common for the three models were fixed to their multi-model regional median or MMRMedP (Equation (9)) values of the respective parameters obtained from calibration of the FP case.
Similarly, parameters in the soil moisture accounting routine of the HBV model and exponent parameter of the subsurface drainage equation (Equation (6)) of the BGM model were fixed to their regional median or RMedP (Equation (7)) values. A total of six, seven and nine parameters were calibrated for the FP case for the Kirchmod, BGM and HBV models, respectively. A total of three parameters were calibrated for the PP case for all models.
Therefore, for the PP case a total of three, four and six parameters of the Kirchmod, BGM and HBV models, respectively, were fixed. Brief descriptions of the models are given here. Descriptions of the models that are more detailed are referred to in Hailegeorgis et al. (b) .
Kirchner's runoff response routine (Kirchmod)
The main assumption in the Kirchner's method (Kirchner ) is the discharge Q depends solely on the amount of catchment water storage (S) based on a nonlinear catchment storage-discharge relationship and a water balance equation:
where g(Q) ¼ dQ/dS is the discharge sensitivity function (Kirchner ) . The following linear regression relationship were inferred based on streamflow recession analysis following Kirchner (): The actual evapotranspiration (AET) was computed from potential evapotranspiration (PET) and discharge:
where the AET, infiltration (I) ¼ rainfall þ snow melt (SM) and Q are in mm/hr, S is in mm and t is a time variable.
The EvR denotes a discharge at which AET equals 0.95*PET. The SCA is snow-covered fraction of grid cell to set the AET to zero for snow-covered areas. A Runge Kutta 4th order method was used to solve the integral (Equation (2)) over the time step. The Q is an instantaneous simulated discharge obtained from the solver while an average Q over the time step is used for calibration against an hourly averaged observed discharge. Observed discharge before the start of model run was used as an initial discharge for the numerical solver. Only the three response routine parameters b 0 , b 1 and EvR were calibrated for the PP case.
Basic Grid Model (BGM) runoff response routine
The BGM is a simple distributed model based on Bell &
Black a, b) and a subsurface drainage (D rv ) runoff generation mechanisms are considered: et al. (b) , in the present study the parameter n was fixed to its calibrated RMedP (Equation (7)) value of the FP case to reduce the correlation and non-identifiability between the two parameters:
where RmedP denotes regional median parameter, P 1 to P NC denotes calibrated values of the parameter for each catchment and N C is the total number of catchments calibrated.
The HBV runoff response routines
The HBV runoff response routine used in the present study consists of two linear reservoirs, i.e., upper and lower reservoirs:
where Q field capacity (FC) were fixed to RMedP (Equation (7)) values calibrated for the FP case ( Table 2 ). The 'limit for potential evaporation' (LP) was set to a constant value of 0.90, which is a default value of HBV-96 (Booij ).
Snow accounting routine
The snow routine uses a mass balance approach to simulate the melt water release (snowmelt runoff) from saturated snow (Qs) and the remaining unmelted snow storage or the snow water equivalent (SWE) based on the Gamma distributed snow depletion curve (SDC). The SDC uses radiation for surface layer energy and phase change calculations (Kolberg & Gottschalk ) as implemented in ENKI hydrological modelling platform (Kolberg & Bruland ) .
The parameters in this routine are common for the three models and include rainfall-snowfall threshold temperature (TX) and snowmelt sensitivity to wind speed (WS). These parameters were fixed to MMRMedP values (Equation (9)) 
Parameters common for the three models
of respective parameters calibrated for the FP case:
where M 1 , M 2 and M 3 denotes Kirchmod, BGM and HBV models, respectively.
Potential evapotranspiration routine
In the present study, we used the Priestley-Taylor method (Priestley & Taylor ) for the calculation of potential evapotranspiration, PET (mm/h):
where α is the Priestley-Taylor constant, Δ is the slope of saturation vapour pressure curve at air temperature at 2 m ] is runoff generated at each grid cell,
is flow travel path length computed from 25 m digital
which is a parameter common to the three models and was fixed to MMRMedP (Equation (9)) of calibrated values for the FP case.
Model calibration and evaluation
For the regional calibration, the differential evolution adaptive metropolis (DREAM) algorithm (Vrugt et al. ) was used with residuals-based log-likelihood (L-L) objective function, which was implemented in ENKI hydrological 
where N TS is the total length of time series for the cali- (Figure 2 ). This may be related to different levels of model performance sensitivity to the fixed parameters among the catchments. Generally, the MRWA for the FP case performed better than the PP case in terms of performance for individual catchment.
Similarly, the NSEln values of the FP are higher than that of the PP except for slightly higher NSEln values for some catchments, for instance catchment 2 for the Kirchmod and BGM models. Table 3 shows the regional median values of the PM or the regional performance of the models. In terms of the regional median of the NSE corresponding to the LC and MRWA, the Kirchmod model followed by the BGM model performed better than the HBV model (Table 3) . However, the NSE for the Kirchmod and BGM are nearly similar for the FP case. In terms of the regional median of the NSEln corresponding to the LC and MRWA, the Kirchmod model followed by the HBV model performed better than the BGM model except for the FP case for MRWA (Table 3) . However, performance of the HBV model and BGM model are nearly similar. (Table 2 ) in addition to parameters that are common to the three models. Therefore, the validation results also
show that the Kirchmod model performed relatively better than the BGM and HBV models. show the sensitivity of calibrated parameters to fixing some of the parameters, i.e., the calibrated parameters compensate for the fact that some parameters were fixed to their RMedP (Equation (7)) or MMRMedP (Equation (9)) values. However, the general trends in performance of the three models are very close to each other for the majority of the catchments except for some catchments, e.g., catchment 15.
Deterioration of the NSE and NSEln from their values obtained for the LC were observed for the MRWA for nearly all of the catchments (Figures 2 and 3) . The NSE
and NSEln values for both the LC and MRWA are lower for the PP case than the FP case (Figures 2 and 3) for the majority of the catchments. These show that despite the Therefore, regionalization of precipitation-runoff models should be augmented by preliminary parameter sensitivity analysis to determine which parameters to transfer. The quality of input (both climate and streamflow data) should also be able to constrain the model parameters during calibration.
Data quality
The expected conditions for the model calibration is that there is no considerable error in the observed streamflow data and uncertainty in estimation of precipitation fields is low. Errors in the observed streamflow and errors in estimation of precipitation fields have the potential to affect the reliability of calibrated (optimized) parameters. However, the discrepancies in the data potentially affect the reliability of modelling inferences and predictions, which is one of the challenges in hydrological modelling. The density and representativeness of precipitation gauging stations are crucial to capture the spatial variability of precipitation, for instance, localized intense precipitation events to reproduce the flood events. Sparse gauging networks for the hourly precipitation input, which may yield less accurate spatially interpolated precipitation fields on the 1 × 1 km 2 grids, seem to be a major factor for the low NSE or poor estimation of peak flows. Engeland & Steinsland () mentioned that they applied a hydrological forecasting model at daily time step for small size catchments (with time of concentration less than 1 day) in southwestern Norway due to the availability of most input data at daily resolution, which matches the current daily hydropower scheduling models.
In addition to the density of precipitation data, the density of streamflow data is also important for the regional modelling. Pokhrel & Gupta () noted the importance of multiple (high-density) streamflow gauging stations at interior catchments and exploiting the spatial information on soil moisture and evapotranspiration to infer the spatial catchment variability from streamflow hydrographs and for better identification of models.
CONCLUSIONS
We conducted identification of three spatially distributed precipitation-runoff response models based on multi-basin local and regional calibration based on calibration and transfer of both full parameter (FP) and partial parameter (PP) for hourly runoff simulation in mid-Norway. The best performing model structure varies among the catchments, which may be related to the uniqueness of catchments.
Different best performing models for a catchment were observed for different PM, which is attributed to different sensitivities of the PM to various parts of the hydrograph and different quality of streamflow records on various parts of the hydrograph. However, models were identifiable based on their overall regional performance and the cali- algorithm by using the split-sample scheme is indispensable.
Performance of local calibration by using only at-site records for each catchment should be evaluated compared to the local calibration results obtained from the regional calibration methodology used in the present study, which use streamflow records from all catchments in the region.
Dense hourly precipitation gauging networks, which can provide more accurate spatially interpolated precipitation on the 1 × 1 km 2 grids, are required for improved hourly prediction, especially for high flows and for improved identification of hourly P-R models for the region. In addition, streamflow measurements from dense hydrological gauging networks or spatially distributed observations of rainfall have the potential to improve multi-basin local and regional calibration-based identification of models for the hourly prediction.
